Summary. There are important differences between the short-and long-term effects of adrenaline on determinants of glucose tolerance. To assess this metabolic adaptation at tissue level, the present study examined the effect of acute and prolonged in vivo elevation of adrenaline on glycogen metabolism and glycolysis in skeletal muscle. Adrenaline (50 ng. kg-i. min-I) was infused for 2 h or 74 h and the results compared with 1 h 0.9 % NaC1 infusion in six trained dogs. Muscle glycogen content was reduced by long-term adrenaline (161 + 17 vs NaC1250 + 24 gmol/g dry weight; p < 0.05) but not short-term adrenaline (233 + 21) indicating a sustained effect of adrenaline on glycogen metabolism. Acutely, glycogen synthase I was reduced (short-term adrenaline 12 + 6 vs NaC122 _+ 7gmol glycosyl units -g-1. min 1;p < 0.05) but returned to normal with prolonged adrenaline infusion (20 + 5). In contrast, K~ for glycogen phosphorylase a was not changed acutely (short-term adrenaline 31 _+ 6 vs NaC1 27 + 7 mmol/t inorganic phosphate) but was reduced during long-term infusion (19_+4; p <0.05 vs short-term adrenaline). Thus, with short-and long-term adrenaline infusion, there were different enzyme changes, although likely to promote glycogenolysis in both cases. In the glycolytic pathway the substrates glucose 6-phosphate and fructose 6-phosphate did not change significantly and hexokinase was not inhibited. Acutely, phosphofructokinase had reduced Vm~ (short-term adrenaline 34 + 6 vs NaC1 44 _+ 5 U/g; p < 0.05) but was still above the maximal operating rate in vivo. With prolonged adrenaline infusion, the Km for phosphofructokinase was reduced (long-term adrenaline 0.32 + 0.03 vs NaC1 0.44 + 0.07 mmol/1 fructose 6-phosphate; p < 0.05). In this situation of relatively low glycolytic flux, the sustained glycogenolytic effect of prolonged adrenaline infusion mediated by increased glycogen phosphorylase activity occurs without a significant accumulation of hexose monophosphates or impairment of glycolysis.
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In situations of severe physical stress there is increased mobilisation of fuels such as glucose, fatty acids and ketone bodies, brought about by increased secretion of stress hormones, including adrenaline (ADR) [1] . ADR plays an important role in the regulation of these fuels, acting directly on hepatic and peripheral tissues [2] as well as indirectly, through modulation of insulin secretion [3] . The overall effect of physiological elevations of ADR on steady-state metabolism is to produce hyperglycaemia and increase levels of non-esterified fatty acids [4, 2] .
The insulin-sensitive tissue of major importance for glucose disposal is skeletal muscle [5] . Decreased glucose uptake by mammalian skeletal muscle due to ADR was described 40years ago [6] , although in other in vitro studies ADR has been shown to produce either inhibition or stimulation of glucose uptake [7, 8] . In vivo studies have consistently shown impairment of insulin-stimulated glucose disposal by ADR, although few have looked specifically at the role of skeletal muscle [9, 10] . One study which examined muscle glucose metabolism in vivo has shown impairment by ADR of glucose uptake into muscles with high oxidative capacity but not into muscles with predominantly glycolytic fibres [10] .
It has been proposed that one mechanism for impairment of glucose uptake by ADR is the accumulation of metabolites in the glycolytic pathway [%11], with inhibition of the hexokinase reaction, particularly by glucose 6-phosphate [12] . Accumulation of glucose 6-phosphate will depend on the rate of input from glycogenolysis as well as the rate of output via glycolysis. ADR has welt-documented actions to promote glycogenolysis [9, 11] but its actions on glycolysis are not as well defned. Accumulation of glucose 6-phosphate will also depend on the prevailing plasma insulin and glucose levels. An increased rate of transmembrane glucose transport would tend to promote glucose 6-phosphate accumulation with sub- p < 0.001 vs NaC1; b p < 0.01 VS NaCI; ~ p < 0.05 vs NaC1 and short; dp < 0.05 vs NaC1.
Results given as mean _+ SEM, n = 6 sequent reduction from the high rate of transport. However, if insulin is elevated, its effects on enhancement of glycolysis and glycogen synthesis will act to reduce glucose 6-phosphate levels [13] . The net effect of ADR on glucose 6-phosphate accumulation will depend on the balance between these various influences. Prolonged elevation of ADR produces attenuation of some of the acute effects on glucose metabolism. Insulin sensitivity in vivo is restored to normal and glucose uptake by isolated skeletal muscle can actually be increased by prolonged administration of ADR [14] . However, not all aspects of glucose metabolism may be normalised by longterm ADR. After 74-h ADR infusion in normal dogs we found a sustained reduction of glucose tolerance, despite normal insulin sensitivity [15] . Insulin secretory parameters were the same as control values, so the most likely explanation for the reduced glucose tolerance was a sustained impairment of glucose-mediated glucose disposal, that is the ability of glucose to promote its own disposalindependent of a rise in insulin [16] .
This present study was designed to assess in vivo the effects of short-term and long-term ADR infusions on enzymes and substrates related to glucose metabolism in skeletal muscle. With short-term ADR infusion, we examined action on enzymes regulating glycogen metabolism and glycolysis, as well as effects on accumulation of substrates. During long-term infusion, we looked at which actions of ADR on skeletal muscle glucose metabolism were attenuated and which were sustained.
Materials and methods
M. J. Christopher et al.: Adrenaline and muscle glucose metabolism tween the scapulas and the catheter was filled with heparinised saline and capped, with the free end placed in a small bag inside a pocket of a jacket worn by the dog, for easy access.
Protocol
Dogs were used in studies at least one week after surgeD; provided they appeared healthy., and had a leucocyte count of< 18 x 109/I. AtI dogs were trained to lie quietly during the studies, and each dog underwent three studies at least two weeks apart in the following order: t)0.9% NaC1 infusion for 1 h; 2)ADR infusion at 50 ngkg -1 -min -1 for 2 h; and 3) ADR infusion at 50 ng-kg -1 -min -~ for 74h.
In dogs fasted for 18 h, an infusion catheter was placed in the cephalic vein of one foreleg and a butterfly needle was inserted into the cephalic vein of the opposite foreleg for blood sampling. After at least a 20-min relaxation period, samples were obtained for basal measurements of ptasma glucose, insulin, glucagon, catecholamines, cortisol and non-esterified fatty acids. The blood samples were collected into tubes containing appropriate anticoagulants and preservatives [15] , placed on ice, centrifuged within 1 h and the separated plasma frozen and stored at -20 °C until assayed.
In the short-term studies, the infusion of ADR solution (Adrenalin Injection. Boots, North Rocks, Australia, given in 0.9 % NaC1 containing 0.5 g/ml of ascorbic acid) or 0.9 % NaC1 was then commenced. At the end of the infusion period, further blood samples were obtained. In the long-term studies, ADR was infused via the indwelling intravenous catheter by a small infusion pump (Syringe Driver-Type MS16 or MS16A, Pye Dynamics, Herts, UK) carried by the dog in its jacket. After 72 h, the ADR infusion was switched to the same non-portable infusion pump as that used for the short-term studies (PSA 50 Secan Toulouse, France). This change was made to ensure identical ADR infusion rates for at least 2 h prior to the muscle biopsy procedure. After 74 h of the long-term infusion, blood samples were collected. During the 74-h ADR infusion, dogs were fed a standard daily diet of 0.6 kg dog chow (70 % rain crude proteh~, 2.5 % rain crude fat) and 0.4 kg dog biscuit (15 % min crude protein, 10% rain crude fat, 5 % max crude fibre). Feeding was monitored daily to ensure that the dog had eaten his daily supply of food. There was no change in the physical activity or behaviour of the dogs during these infusions.
For muscle biopsy the dogs were anaesthetised using the shortacting barbiturate thiopentone (40 mg/kg i. v.), intubated and anaesthesia maintained with nitrous oxide/oxygen. At the time of muscle biopsy, all dogs had been fasting for 19.5 h to 20.5 h. The skin and fascia 8-12 cm above the patella on the lateral portion of the thigh were anaesthetised with local anaesthetic (2 % xylocaine), and a 3-cm incision was made through skin and fascia with a scalpel. Using at least two 5 mm Bergstr6m biopsy needles (Stilhe, Stockholm, Sweden), a total of 4 or 5 muscle samples (averaging about 40 mg wet weight each) were obtained from the vastus lateralis, frozen immediately (within < 7 s) in liquid nitrogen and stored at -80 °C until analysed. Vastus lateralis is predominantly a fast-twitch red muscle, composed of 78% fast-twitch red, 18% fast-twitch white and 4% slow-twitch red fibres [17] , with a high aerobic-oxidative and glycolytic capacity. In each dog, the left leg was biopsied in studies 1 and 3 (with lateral incisions made at least 4 cm apart) and the right leg was biopsied in study 2.
Animals Laboratory analysis
The studies were carried out with the permission of the Experimental Medical and Surgical Research Ethics Committee at St. Vincent's Hospital on six dogs of mixed breed, 18-28 kg body weight. After induction of anaesthesia, a femoral or jugular vein was catheterised with silicone tubing and the catheter tip advanced towards the right atrium. The other end was routed to the back where it exited bePlasma glucose was measured with an automatic analyser (Yellow Springs Instruments, Yellow Springs, Ohio, USA) using a glucose oxidase method. Plasma insulin and glucagon were estimated by radioimmunoassay using dextran-coated charcoal separation of bound and free fractions. Kit methods were used for measurement of plasma catecholamines by radioenzymatic assay (CAT-A-KIT, tively. To measure GP activity, about 10 mg muscle wet weight was homogenised to a concentration of 10mg/ml, sonicated, centrifuged, and the supematant stored at 4°C until ready for enzymatic spectrophotometric analysis. To measure GS activity, about 3040 mg muscle wet weight was homogenised in 750 gl buffer, sonicated and centrifuged as described above, and duplicate aliquots of the supernatant were incubated in a reaction mixture (750 gl total volume) for 45 min at 37 °C in the direction of uridine diphosphate production for subsequent enzymatic spectrophotometric analysis. Enzymic activities were calculated after subtraction of the appropriate reagent blank reaction rate. ResuIts are expressed as gmol of substrate utilised per gramme of muscle wet weight per min (U/g) (mean _+ SEM).
Amersham, Cardiff, UK), non-ester±lied fatty acids by an enzymatic color±metric method (Wako Pure Chemical Industries, Osaka, Japan) and plasma cortisol by radioimmunoassay (Clinical assay, Gamma coat, Baxter Healthcare Corporation, Cambridge, Mass., USA).
Kinetic studies of muscle enzymes
The activities of the glycot}¢ic enz%~es, hexokinase, phosphofructokinase and pyruvate kinase were measured spectrophotometrically at 30 °C, pH 7.4, in a final volume of 2.5 ml using matching glass cuvettes (10 mm light path) by following the changes in optical density due to the oxidation or reduction of pyridine nucleotides at 340 nm on a sPg-100 Pye-Unicam ultra violet Double-Beam Spectrophotometer. ~Ilae hexokinase, phosphofructokinase and pyruvate kinase assays were adapted from the methods described by Doery et al. [18] . Total hexokinase activity was measured at 2.0 mmolfl glucose only; phosphofructokinase activity was measured at 0, 0.3, 0.7, 1.4 and 4.0 mmol/1 fructose 6-phosphate, producing a regulatory sigmoidal dose-response curve, and pyruvate kinase activity was measured at 0.05, 0.12, 0.30 and 1.00 mmol/1 phosphoenolpyruvate, producing a non-regulatory hyperbolic close-response curve. Similarly, glycogen phosphorylase (GP) was assayed at pH 6.8 in the direction of glycogen breakdown using an adaptation of the method described by Bergmeyer [19] . GP activity was measured at constant glycogen level (0.2% weight/volume) both in the absence and presence of 2.0 mmolfl AMP at 10, 25, 45 and 100 mmol/l inorganic phosphate, allowing determination of GP a and total GP (a + b) activities respectively. Glycogen synthase (GS) was assayed at pH 7.4 in the direction of glycogen synthesis using a method adapted from Danforth [20] and Kornfeld & Brown [21] . The reaction was started by the addition of uridine diphospho-glucose, and the formation of uridine diphosphate was measured spectrophotometrically via the coupled pyruvate kinase-lactate dehydrogenase reaction. GS activity was measured both in the absence and presence of 10 mmol/1 glucose 6-phosphate at 3.0 mmol]t uridine diphospho-glucose, allowing determination of GS I and total GS (I + D) activities respectively.
To measure the activities of the glycolytic enzymes, hexokinase, phosphofructokinase and pyruvate kinase in skeletal muscle, a small piece of frozen muscle (10-15 mg wet weight) was weighed accurately, homogenised in glycolytic homogenisation buffer [22] using a 1-ml capacity tissue grinder, separated from insoluble connective tissue and brought to a concentration of 10 mg/ml. The homogenate was then sonicated with 3 x 10 s bursts and centrifuged at 4 °C, 8000 g for 30 s. The supernatant was then stored on ice until ready for enzymatic spectrophotometric analysis.
To measure the activities of GP and GS, separate homogenates were prepared using a glycogen-storage enzyme homogenisation buffer containing the same concentration of reagents as glycolytic homogenisation buffer, but with the addition of 25 mmol/1 sodium fluoride and 2 mmol/1 EGTA to prevent the activities of specific protein phosphatases and Ca2+-dependent protein kinases respec-
Substrate measurements
Glycogen was determined in perchloric acid extracts of muscIe (about 20 mg wet weight) using a modification of the method described by Keppler & Decker [23] . Glucose 6-phosphate and fructose 6-phosphate were measured sequentially in perchloric acid extracts of muscle (about 40-50 mg wet weight) using a modification of the metlhod described by Gerhard [24] . As with the enzyme kinetic ~inalysis, all substrates were measured spectrophotometrically at 340 nm (25 °C, 10 mm light path) by following the changesin optical density due to the oxidation or reduction of pyridine nudeotides. The muscle content of each substrate was calculated after subtraction of the appropriate reagent blank activity. Results are expressed as gmol substrate per gramme of muscle dry weight (mean ± SEM).
Statistical analysis
Statistical analyses were performed using two-way analysis of variance or paired Student's t-test. In this study, the intra-assay variation was < 10 %, and the interassay variation was < 20 % for all enzymes and substrates measured. Table 3 . Effect of adrenaline on phosphofructokinase, pyruvate kinase and hexokinase kinetics in dog skeletal muscie. Samples were obtained by muscle biopsy after 1. h 0.9 % NaC1, 2 h (short) or 74 h (long) adrenaline infusion (50 ng.kg 1.min-1)
NaC1
Adrenaline infusion Fig. 1 . Effect of adrenaline (ADR) on glycogen synthase (GS) activity (mean + SEM, n = 5 for short ADR, n = 6 for NaC1 and long ADR) in dog skeletal muscle. Muscle was biopsed after 2 h (short ADR) or 74 h (long ADR) adrenaline infusion (50 ng. kg-z. min ~ 1) or after 1 h 0.9 % NaC1. Activity of GSI (active form) ( • ) was determined in the absence of glucose 6-phosphate, mad total GS activity (I + D) ( r~ ) was determined in the presence of 10 retool/1 glucose 6-phosphate, using a constant level of uridine diphospho-glucose (3.0 retool)and glycogen (1% weight/volume). *p <0.05 vs NaCI and long ADR
Results

Effect of adrenaline on plasma levels of metabolites and hormones
As shown in Table 1 , ADR levels were 91 _+ 18 pg/ml during the NaC1 infusion, indicating that the dogs were not stressed. During the 2-h infusion of ADR at 50 ng. kg-~ -min-1 (short ADR), plasma ADR concentration increased four to six-fold (p < 0.001). After the 74-h infusion (long ADR) the levels tended to be even higher. Plasma concentrations of glucose, glucagon, noradrenaline and cortisol did not change significantly during the three treatments. Plasma insulin was unchanged by short ADR even though glucose tended to rise, but significantly reduced by long ADR (p < 0.05). Non-esterified fatty acids were elevated in the short-term (p < 0.05), but at 74 h, although still tending to be high they were not significantly different from control values.
Affect of adrenaline on muscle enzymes and substrates
As shown in Table 2 , muscle glycogen content was significantly reduced by long ADR (p < 0.05) but not short ADR. This reduction of glycogen content over 74 h corresponds to a glycogenolyfic rate of about 5 gmol-kg-1 wet weight, min -a. Figure I shows GS I (0 mmol/1 glucose 6-phosphate) and total GS [I + D] (10 mmol/1 glucose 6-phosphate) in the three treatments. GS I was significantly reduced during short ADR compared with NaC1 (12 _+ 6 vs 22 + 7 gmot glycosyl units-g-1 min-1; p < 0.05) but not long ADR (20 _+ 5). Total GS and the GS activity ratio (GS I/GS [I + D]) did not change significantly with short-or tong-term ADR. The A 0.5 for the allosterie activator glucose 6-phosphate is considered to be a more sensitive measure than the GS activity ratio as an index of the phosphorylation state of GS [25, 26], but there was insuffi-cient muscle to obtain a glucose 6-phosphate doseresponse curve in this study. The effect of adrenaline on GP in the absence of AMP (GPa) is shown in Figure 2 . At the physiological level of 10 mmol/1 inorganic phosphate [11] , GPa was significantly reduced by long ADR (p <0.05). Kma determined by Eadie-Hofstee plots showed reduction by long ADR (19 + 4 mmol/1 inorganic phosphate) compared with short ADR (31 + 6 mmol/1; p < 0.05) which did not differ from NaC1 (27 + 7 mmol/1). Vmax of GPa was unchanged by short or long ADR. In the presence of 2 mmol/1 AMP when both GPa and b are active, the Km of total GP (Kin a + b) was unchanged by short and long ADR (NaCt 4.0 + 0.4 mmol/1 inorganic phosphate; short ADR 3.4 + 0.4 mmol/1; long ADR 3.5 + 0.4 mmol/1). Vma, of total GP also did not change with either short ADR or long ADR.
The kinetics of phosphofructokinase are described in Table 3 . Phosphofructokinase had reduced Vm~x during short ADR (p < 0.05) but not long ADR, and the sigmoidal plot of the results for short ADR was significantly reduced compared with the plot for NaC1 (p < 0.05, two-way analysis of variance). On the other hand, the Km for phosphofructokinase was significantly reduced by long ADR (p < 0.05) compared with NaC1 but not short ADR. The sigmoidal plot produced by the phosphofructokinase activities during tong ADR returned towards NaC1 values. Table 3 also shows the effect of the three treatments on hexokinase and pyruvate kinase and Table 2 shows results for the glycolytic substrates glucose 6-phosphate and fructose 6-phosphate.
Discussion
In this study we assessed changes of skeletal muscle glucose metabolism after in vivo infusion of ADR for 2 h and compared the effects with infusion for 74 h. Comparable Inorganic phosphate (mmol/I) Fig.2 . Effect of adrenaline on glycogen phosphorylase a (OPa) activity in dog skeletal muscle (mean _+ SEM, n = 6). Muscle was biopsied after 2 h (short ADR) (,A) or 74 h (long ADR) ( • ) adrenaline infusion (50 ng. kg-i. min-1) or after 1 h 0.9 % NaC1 ( • ). GP a activity was determined in the absence of AMP using a constant level of glycogen (0.2% weight/volume). *p < 0.05 vs NaC1 and short ADR long-term elevation of plasma catecholamines in man can occur in the context of severe burns, septic shock, infusion of positive inotropic drugs and phaeochromocytoma [27] . During short-term ADR infusion, absolute glycogen synthase I was significantly reduced by 45 % without any change of total glycogen synthase activity. This result is consistent with previous studies both in rabbits [28] and humans [11] , showing reductions of glycogen synthase I activity after short-term administration of ADR. The mechanism for this effect involves interaction of ADR with [~-adrenergic receptors causing phosphorylation and thus inactivation of glycogen synthase via cyclic AMP dependent protein kinase [26, 28] . Sensitivity of the reaction rate to changes in the phosphorylation state of the enzyme is critically dependent on the concentration of modifiers (e. g. the negative effectors ATR ADR AMR uridine diphosphate and inorganic phosphate, or the positive effectors glucose 6-phosphate, uridine diphospho-glucose and Mg ~-+) [25] . The crude muscle homogenates prepared in this study contain unknown amounts of effectors and cofactors. Therefore, while intrinsic enzyme activity was significantly reduced under optimal conditions, the net effect on in vivo function will depend also on any changes to these modifiers that has occurred with ADR treatment.
At the dose of ADR used in this study we did not detect any acute change in glycogen phosphorylase a activity. Earlier in vitro studies using rat hemidiaphragm have also linked inhibition of glucose uptake by ADR to decreased glycogen synthesis rather than increased glycogen breakdown [29, 30] . More recently infusion of ADR in man (with a higher dose over a shorter time frame than our study) was shown to increasephosphorylase a, although total activity was unchanged [11] . As with glycogen synthase, in vivo glycogen phosphorylase activity is determined by factors additional to intrinsic enzyme activity: In the case of glycogen phosphorylase, inorganic phosphate concentration has a major influence and may be lowered by hexose monophosphate accumulation. Thus, increased intrinsic activity does not necessarily correlate with increased in vivo activity. In our study, the reduced glycogen synthase and unchanged glycogen phosphorylase activities during acute ADR would by themselves result in net loss of glycogen, but if the rate of loss was constant over 74 h, then at 2 h there would be less than 3 % of the final reduction. This change would be insufficient to allow detection.
The issue of inhibition of glycolysis by ADR, with accumulation of glycolytic intermediates and consequent impairment of hexokinase actMty was also addressed in this stud~: Glucose 6-phosphate tended to rise but the increase was not significant. Fructose 6-phosphate tended to fall and furthermore, hexokinase activity was not inhibited. However, the physiological dose of ADR used in this study did not produce significant hyperglycaemia or hyperinsulinaemia and so the only increase of glucose 6-phosphate input would be from glycogenolysis. Previous studies, which have shown accumulation of hexose monophosphates, have involved hyperglycaemia or hyperinsulinaemia with increased transmembrane glucose transport [10] . A recent report of enhanced glycolysis due to ADR during hyperinsulinaemic glucose clamp 403 studies, did show accumulation of glucose 6-phosphate due to marked reduction of glycogenesis [31] . Another study which addressed the actions of ADR alone, used a three-fold higher dose than in our study and the increase of hexose monophosphates was likely to be related to a higher rate of glycogenolysis [11] .
The key enzyme of the glycolytic pathway is phosphofructokinase and ADR is known to have both direct and indirect effects on phosphofructokinase function. In per-" fused rat heart ADR activated phosphofructokinase by a cyclic AMP independent mechanism [32] . In human skeletal muscle during a hyperinsulinaemic euglycaemic clamp, ADR increased glucose, 1,6-bisphosphate and fructose 6-phosphate which are activators of phosphofructokinase, but had no effect on fructose 2, 6-bisphosphate [31] . We found reduced V~ during 2-h ADR infusion which suggests some reduction. However, the level of phosphofructokinase was still well above the maximal operating rate of the enzyme in vivo and would therefore not affect the rate of glycolysis. Thus, acute elevation of ADR to levels found in severe physical stress produced enzyme changes condudve to glycogenolysis, but no changes likely to alter glycolytic activity.
With long-term in vivo elevation of ADR, there were different effects on the enzymes of skeletal muscle glucose metabolism. Glycogen synthase I levels returned to baseline but there was now a significant increase of phosphorylase a activity, and a significantly decreased Km a, reflecting an increased binding affinity of the enzyme for the substrate, presumably secondary to formation of phosphorylase kinase _a [33] or phosphorylation of the protein termed inhibitor-1 which inhibits phosphorylase phosphatase [34] . The net result would be to favour glycogenolysis and consistent with this effect, glycogen stores were significantly depleted by the long-term infusion. However, the observed changes of enzyme activity in vitro do not correlate well with the amount of glycogen toss over 74 h. In vivo enzymatic activity influenced by changes in effectors and cofactors is likely to differ significantly from the in vitro activity. In addition, the time course of changes in enzymatic activity is not known. Long-term elevation of ADR did not appear to impair glycolysis. There was not significant accumulation of hexose monophosphates or inhibition of hexokinase. In fact phosphofructokinase had significantly reduced Km which would favour enhanced glycolytic activity at physiological concentrations of fructose 6-phosphate.
The changes of enzymes and substrates with long-term vs short-term elevation of ADR indicated similar overall effects, namely enhanced glycogenolysis and unimpaired glycolysis which would be substrate driven. However, there were differences in the mechanisms for these effects between short-term and long-term elevations of ADR. These differences could represent modulation of the direct effects of ADR on skeletal muscle, due to a change such as desensitisation of ~3-adrenergic receptors following prolonged ADR exposure [35] . Similarly the trend towards increased ADR levels during chronic compared with acute infusion could represent reduced clearance by [3 adrenergic receptor related mechanisms [36, 37] . On the other hand, the differing effects with time of ADR on skeletal muscle may relate to an indirect action mediated by alteration of insulin secretion. Our earlier in vivo studies did not show an effect of ADR in impairing insulin secretion in response to intravenous glucose [15] , but more detailed testing of insulin secretion would be required to exclude a role for altered Beta-cell function. Blood flow is another important factor to consider as a mediator of the metabolic effects of ADR [38] . Altered blood flow could influence availability of glucose and other metabolites, as well as insulin access to tissues. Muscle blood flow may differ during short-and long-term adrenaline infusion but has not been studied under these conditions.
There are several similarities between the results of this study and our previous in vivo studies of determinants of glucose tolerance during short-and long-term ADR infusions [15] . Some of the acute effects of ADR, such as reduced glycogen synthase I activity, were attenuated with prolonged infusion, following the same pattern as insulin sensitivity in the previous studies. Other aspects of glucose metabolism, such as increased glycogen phosphorylase a activity altered more with prolonged than acute ADR infusion, as did glucose-mediated glucose disposal [16] in the earlier studies. We did not, however, demonstrate significant accumulation of hexose monophosphate or inhibition of hexokinase, which are thought to be likely mechanisms for ADR induced impairment of glucose transport. Nevertheless, in the absence of significant hyperglycaemia or hyperinsulinaemia, glycolytic flux may have been insufficient to produce this result. The effect of ADR in vivo to impair glucose disposal is more pronounced in situations of elevated glucose and insulin levels than with infusion of ADR alone and our results are consistent with these differences between situations of high and low glycotytic flux.
